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Abstract
The objective of our study was to investigate the self-association and DNA-binding properties of the DNA topoisomerases I (Topo I) and
II (Topo II) dual inhibitor: 6-[[2-(dimethylamino)ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinoline-7-one dihydrochloride (TAS-103), by
means of 1H-NMR and 31P-NMR spectroscopy, structure computation techniques, thermal melting study, and UV–Visible spectroscopy. In
aqueous solution, all chemical shifts of TAS-103 underwent upfield shifts depending with an increase in concentration. The two-dimensional
(2D)-NMR spectra and structure computations indicated that TAS-103 self-associated through k–k stacking and hydrophobic interactions of
the aromatic chromophores. Thermal melting indicated that the binding of TAS-103 to DNAwith a potency equal to that of ethidium bromide
(EtBr). The UV–Visible spectra of TAS-103 titrated by several DNA exhibited hypochromic and hypsochromic effects. The 31P-NMR
spectrum of the 6:1 TAS-103/d(CGCGAATTCGCG)2 complex showed two broadening signals. 2D-NMR spectra of the 1:1 TAS-103/
d(CGCGAATTCGCG)2 complex indicated that the chemical shift differences of the DNA are very small. However, those of the terminal
region are relatively large. The chemical shift differences of TAS-103 showed that the proton resonances except H2 underwent downfield
shifts. From these observations, we conclude that TAS-103 binds to DNA by two modes. The major binding mode is on the surface (outside
binding) and the minor binding mode by intercalation. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
Topoisomerases are enzymes that relieve the secondary
twist on the DNA strands in the process of DNA synthesis
and transcription via breakage, passage and reunion of the
DNA strands. Two types enzymes, topoisomerase I (Topo I)
and II (Topo II), are known and they have been recognized as
significant targets of anticancer agents. During our research
for a novel DNA topoisomerase I and II dual inhibitor, one of
some indenoquinorine derivatives (6-[[2-(dimethylamino)
ethyl]amino]-3-hydroxy-7H-indeno[2,1-c]quinolin-7-one
dihydrochloride (TAS-103); Fig. 1) was found to be such a
dual inhibitor of Topo I and II and exhibited highly potent
and broad anticancer activities in animal models [1–3]. The
mechanism of TAS-103 at the molecular basis has not been
clarified, but we considered that the major target would be
DNA because of its strong binding affinity to DNA. We
describe here the self-association and DNA-binding proper-
ties of TAS-103 determined with the aid of 1H-NMR and 1H-
NMR spectroscopies, structure computation techniques,
UV–Visible spectroscopy, and thermal melting study.
2. Experimental procedure
2.1. Sample preparation
Calf thymus DNA (CT-DNA), poly[d(A-T)2], and poly
[d(G-C)2] were purchased from Pharmacia LKB Biotechnol-
ogy. The synthetic oligonucleotide, d(CGCGAATTCGCG),
was purchased from Sawady Technology (Tokyo, Japan).
Stock solutions of these oligonucleotides for thermal melt-
0925-4439/02/$ - see front matter D 2002 Elsevier Science B.V. All rights reserved.
PII: S0925 -4439 (02 )00078 -9
Abbreviations: TAS-103, 6-[[2-(dimethylamino)ethyl]amino]-3-hy-
droxy-7H-indeno[2,1-c]quinoline-7-one dihydrochloride; Topo I, DNA
topoisomerase I; Topo II, DNA topoisomerase II; 2D, two dimensional;
CT-DNA, calf thymus DNA; EtBr, ethidium bromide; NOE, nuclear
Overhauser effect; NOESY, NOE spectroscopy; DQF-COSY, double
quantum filtered correlated spectroscopy; TOCSY, total correlated spectro-
scopy; Tm, melting temperature; RMSD, root mean square deviation
* Corresponding author.
E-mail address: asao@taiho.co.jp (T. Asao).
www.bba-direct.com
Biochimica et Biophysica Acta 1587 (2002) 155–163
ing studies and UV–Visible spectroscopy (1 mM in nucleo-
tide base) were prepared in buffer (10 mM Tris–HCl, 50
mM NaCl, 10 AM EDTA, pH 7.4). A stock solution of
d(CGCGAATTCGCG)2 for NMR spectroscopy (1.54 mM
in double strand) was prepared in phosphate buffer (10 mM
sodium phosphate, 50 mM NaCl, pH 7.0). The DNA dup-
lex was annealed by heating at 80 jC for 1 h and cooling to
25 jC over 6 h. Concentrations of these oligomers (per
nucleotide base) were determined from their absorbances at
260 nm after melting, using the following extinction coef-
ficients: e260, of oligonucleotides: 9225 M
 1 cm  1 for
d(CGCGAATTCGCG) [4], 6600 M  1 cm  1 for CT-DNA
[5], 6500 M 1 cm 1 for poly[d(A-T)2] [6], 8400 M
 1
cm  1 (255 nm) for poly[d(G-C)2] [7]. TAS-103 was syn-
thesized in our laboratory. Ethidium bromide (EtBr) was
purchased from Nacalai Tesque (Kyoto, Japan), acti-nomy-
cin D from Fluka, netropsin–HCl from SERVA. Stock
solutions of these compounds were prepared by weighing
and dissolving in D2O, and pH was adjusted by adding small
amounts of dilute HCl or NaOH solution.
For NMR experiments in H2O, the DNA solution was
lyophilized and then redissolved in 0.7 ml of 9:1 H2O/D2O.
For NMR experiments in D2O, the DNA solution was
lyophilized three times from 99.9% D2O and finally redis-
solved in 99.996% D2O. TAS-103/DNA complexes were
prepared by adding appropriate amounts of the stock sol-
ution of TAS-103 to the DNA solution. Sodium 3-trime-
thylsilylpropionate-2, 2, 3, 3-d4 (TSP) and H3PO4 were used
as an internal references for 1H- and 31P-NMR spectroscopy,
respectively.
2.2. NMR spectroscopy
NMR experiments were carried out on a Varian UNI-
TYplus 500 spectrometer operating at a proton resonance
frequency of 499.85 MHz and equipped with a Sun SPARC-
station 20 host computer running VNMR (Varian) system
software.
The nuclear Overhauser effect spectroscopy (NOESY)
[8], double quantum filtered correlated spectroscopy (DQF-
COSY) [9], and total correlated spectroscopy (TOCSY)
[10,11] spectra were acquired using the method of States
et. al [12]. The NOESY spectra in H2O were acquired by
replacing the last 90j pulse by a 1–1 spin-echo pulse
sequence to suppress the large water resonance [13]. All
two-dimensional (2D) data sets were acquired non-spinning
to reduce t1 noise and other artifacts.
NMR data were processed with NMRPipe software
(Molecular Simulations) on a Silicon Graphics Indigo2
Extreme workstation. The 2D-NMR data sets were zero-
filled to 2048 points in both dimensions and processed using
90j-shifted sinebell window function in t1 and t2.
NOE cross peak volumes of a NOESY spectrum were
obtained by cross peak integration using NMRCompass
software (Molecular Simulations). These peak volumes
were converted into distances by the two-spin approxima-
tion [14]. The cross peak volumes were classified semi-
quantitatively into three categories: strong (between 1.9 and
2.5 A˚), medium (between 2.5 and 3.5 A˚), or weak (between
3.5 and 5.0 A˚).
2.3. Structure computations
All computations were executed on a Silicon Graphics
Indigo2 Extreme workstation. Model building and molec-
ular dynamics were done with the programs QUANTA,
CHARMm, and X-PLOR [15] (Molecular Simulations).
The standard protocols were as follows: (a) high temper-
ature dynamics in 2500 steps with a time step of 0.005 ps at
1000 K, (b) cooling dynamics in 3000 steps to a final
temperature of 300 K, and (c) refine dynamics in 5000 steps
with a time steps of 0.001 ps from an initial temperature of
300 K. During all computations, a square-well potential
function was used for the NOE restraints, and the restraints
scale factor for the NOE energy term was set to 100 kcal
mol  1 A˚ 2.
2.4. Determination of association constant for self-associ-
ation of TAS-103
Association constant for TAS-103 was obtained from the
simple dimerization model, which gives Ka=[A2]/[A]
2 M 1
where [A2] and [A] are the molar equilibrium concentrations
for the dimer and monomer, respectively. Ka is the associ-
ation constant [16]. Observed chemical shifts were given by
dobs = fAdA + fA2dA2, where dA and dA2 were the chemical
shifts, fA and fA2 were the equilibrium mole fractions of the
monomer and dimer forms. Ka, dA, and dA2 values were
obtained by fitting to the observed d-concentration curves
using a commercial data analysis program (Kaleidagraph).
2.5. Thermal melting studies
Thermal melting experiments were performed on a
HITACHI U-3210 spectrophotometer connected with a
HITACHI SPR-10 temperature controller. A 40-Al portion
of DNA (1 mM in nucleotide base) was added to the sample
cell containing 1960 Al of binding buffer in the absence or
presence (5 AM) of the compound (concentration of DNA in
nucleotide base is 20 AM). The absorption at 260 nm was
Fig. 1. Chemical structure of TAS-103.
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measured at 30-s intervals from 10 to 90 jC. The cell
temperature was monitored and increased approximately 2.0
jC/min. Melting temperature (Tm) values were determined
from first-derivative plots [17].
2.6. UV–Visible spectroscopy
UV–Visible absorption spectra were measured on a
HITACHI U-3210 spectrophotometer linked with a HITA-
CHI SPR-10 temperature controller. Spectral titrations were
carried out at 18 jC. After a careful determination of the
baseline of the spectrometer, an absorbance of 2.0 ml of the
compound solution (4 AM) in binding buffer was measured
from 420 to 650 nm, and then absorbance at 480 nm was
measured. An 8 or 16 Al of DNA (1 mM in nucleotide base)
was added to the sample and the reference cells, and the
spectrum and absorbance at 480 nm were measured. This
procedure was repeated until the spectrum remained unal-
tered.
Absorbance changes at 480 nm were used to obtain
Scatchard plots [18]. The binding data expressed as
Scatchard plots were analyzed by the excluded site model
of McGhee and von Hippel [19]. The absorbance of the
compound completely bound with DNA was obtained by
extrapolation of the absorbance against compound-to-
DNA molar ratio. The fraction of compound bound to
DNA (c) after each addition during the titration was
calculated from the equation c=(AfA)/(AfAb), where
Af is the absorbance of free compound, Ab is the absorb-
ance of the bound compound and A is the observed
absorbance. From the value of c, the variables Cf (molar
concentration of free compound) and R, the binding ratio
(compound bound per base pair) were calculated. The
binding parameters were estimated using the model of
McGhee and von Hippel [16]. The data were fitted to the
equation
R=Cf ¼ Kð1 nRÞfð1 nRÞ=½1 ðn 1ÞRgðn1Þ
where K is the intrinsic association constant and n is the
number of nucleotide bases occluded by one bound com-
pound. Only binding data in the fraction bound range
between 0.2 and 0.8 were used. Binding data outside this
range were subject to large errors as a result of experimental
error in determining the free and bound absorbance.
3. Results
3.1. Self-association of TAS-103
The 1H-NMR spectra of TAS-103 in D2O at 20 jC (pH
1.5 or 7.5) were measured at several concentrations. A
representative result is shown in Fig. 2. In acidic (pH 1.5)
and neutral (pH 7.5) conditions, the chemical shifts of all
proton resonances, particularly aromatic protons underwent
upfield shifts in a concentration dependent manner. How-
ever, upfield shifts at pH 7.5 between 5.5 and 94 mM were
relatively small and line-broadening of the signals were
observed. Any significant signals at pH 7.5 were not
detected over 100 mM because of the poor solubility.
Self-association constants of TAS-103 were determined
by comparing the chemical shift-concentration data of H4 at
pH 1.5 and 7.5 with theoretical d-concentration curves (Fig.
3), where the simple dimerization model was used. The
calculated association constant (Ka), limiting chemical shift
of monomer (dA), and that of dimer (dA2) were 0.10	 103
M  1, 7.33 ppm, and 6.39 ppm at pH 1.5 and 8.87	 103
M  1, 6.83 ppm, and 5.91 ppm at pH 7.5, respectively.
Similar values were obtained upon calculation based on the
chemical shift changes of the other aromatic protons (the
data are not shown).
Assignments of the proton resonances of TAS-103 were
performed by several 2D-NMR spectra (DQF-COSY,
TOCSY, NOESY) (Table 1).
Interproton distance constraints were estimated from the
cross peak volume of the NOESY spectrum. Linearity of the
NOE peak volume was checked at sm= 60–360 ms to avoid
spin diffusion contribution and there was little effect in this
mixing time range. Therefore, the data for sm = 300 ms were
used to get the peak volumes that were converted into the
interproton distance by a two-spin approximation based on
an H1–H2 distance of 2.4 A˚ as a reference. Ambi-
guous distance constraints between intra- and intermolecular
and all of the intramolecular distance constraints were
rejected. Finally, 24 intermolecular distance constraints were
obtained.
Fig. 2. 1H-NMR of aromatic region of TAS-103 in D2O at 20 jC, pH 1.5.
The concentrations of TAS-103 are (a) 0.11 mM, (b) 1.1 mM, (c) 11 mM,
(d) 110 mM.
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3.2. Thermal melting studies
The DTm (DTm = Tm of complex Tm of free nucleic
acid) values of DNA gives a qualitative comparison of the
relative binding strengths of a compound with DNA. The
DTm of typical DNA-binding compounds, EtBr, actinomy-
cin D, and netropsin were measured, together with that of
TAS-103, in order to compare their relative binding affin-
ities. The results are shown in Table 2.
3.3. UV–Visible spectroscopy
The UV–Visible spectra of TAS-103 titrated with
d(CGCGAATTCGCG)2 at 18 jC are shown in Fig. 5. The
same experiments were executed poly[d(A-T)2], poly[d(G-
C)2], and CT-DNA, respectively. The titration curves were
nearly identical with each oligomer producing hypochromic
and hypsochromic effects. The Scatchard plots at 480 nm
are shown in Fig. 6. The solid lines drawn through the data
are nonlinear least-squares best fit values with the cooper-
ative model of McGhee and von Hippel [19]. The intrinsic
association constant, K, and the number of nucleotide bases
occluded by one bound compound, n, for each oligomer are
provided in Table 3.
3.4. 31P-NMR spectroscopy
Fig. 7 shows the 31P-NMR spectra of d(CGCGAATTCG
CG)2 in the presence and the absence of TAS-103. Six
resonance signals in the region between  3.0 and  2.4
ppm were observed. Addition of TAS-103 to the d(CGCGA
ATTCGCG)2 solution caused two broadening signals in the
region between  3.3 and  1.0 ppm, the main signal at
 2.5 ppm and the minor signal at  1.7 ppm. By contrast,
all resonances of d(CGCGAATTCGCG)2 were upfield-
shifted upon addition of a typical intercalator EtBr.
3.5. 1H-NMR spectroscopy
3.5.1. Titration of d(CGCGAATTCGCG)2 with TAS-103
1H-NMR spectra of the imino proton region of d(CGCG
AATTCGCG)2 upon titrating with TAS-103 in H2O are
shown in Fig. 8. The 1H-NMR spectrum of the free DNA
shows five imino proton resonances at 12.6–13.9 ppm. The
terminal imino proton of the duplex was not observed by
rapid exchange with solvent protons. However, a broad
resonance of the imino proton of the terminal base pairs
was detected at 3 jC. These results indicate that this sym-
metrical oligonucleotide is present in double stranded form
in this condition.
Fig. 3. Concentration dependence of H4 of TAS-103 at 20 jC, pH 1.5 and
7.5. Solid curves give the best-fit theoretical curves.
Table 1
Proton chemical shift assignments (ppm) of 5.5 mM TAS-103 in D2O at
11 jC, pH 9.9
H1 6.68
H2 6.03
H4 5.64
H8 6.48
H9 6.77
H10 6.72
H11 6.58
H12 2.97
H13 2.67
H14 2.52
Table 2
Thermal melting studiesa
Compound Calf thymus
DNA DTm
(jC)b
Poly[d(A-T)2]
DTm (jC)
b
d(CGCGAATTCGCG)2
DTm (jC)
b
TAS-103 6.0 12.5 3.0
EtBr 6.0 10.0 4.0
Actinomycin D 7.5 0.0 14.5
Netropsin 10.5 27.5 – c
a Polymer Tms are 77.5 jC for calf thymus DNA, 56.5 jC for
poly[d(A-T)2] and 45.0 jC for d(CGCGAATTCGCG)2.
b DTm is the [(Tm of bound) (Tm of native polymer)].
c Not detected.
Table 3
Binding parameters of TAS-103 to various oligonucleotides
Oligonucleotide K (M 1)a nb
d(CGCGAATTCGCG)2 2.2	 105 4.7
Poly[d(A-T)2] 4.6	 105 3.3
Poly[d(G-C)2] 5.5	 105 5.5
Calf thymus DNA 4.8	 105 3.0
a The intrinsic association constant.
b The number of nucleotide bases occluded by one bound compound.
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When the duplex was titrated with TAS-103, all imino
proton resonances were broad, particularly over the DNA/
TAS-103 ratio 1:2. With DNA/TAS-103 ratio of 1:1, only
one broadening was observed at 13.0 ppm. Therefore, the
1:1 TAS-103/d(CGCGAATTCGC)2 complex was used for
further NMR experiments.
3.5.2. Proton resonance assignments
The nonexchangeable proton resonances of the free DNA
were assigned using the DQF-COSY, TOCSY, and NOESY
spectra recorded in D2O buffer in a sequential manner
according to the reported procedures [20–23]. Sequential
assignment of the base protons (purine H8 and pyrimidine
H6) and sugar H1V protons have been performed by
NOESY (200 ms mixing time) spectrum. Spin connectivity
between deoxyribose and cytosine (H5–H6) or thymine
(Me H6) was identified by TOCSY spectrum.
The exchangeable proton resonances of the free DNA
were assigned using the NOESY (200-ms mixing time)
spectrum recorded in H2O buffer [24]. The amino proton
resonances of the cytosines were assigned by the correlation
of the guanine imino proton with hydrogen-bonded and
exposed cytosine amino protons within a GC base pair.
Adenine H2 resonances were identified by NOESY cross-
peaks from base-paired thymine H3 imino protons (Table 4).
Similarly, the nonexchangeable and exchangeable proton
resonances of the 1:1 complex of the DNA with TAS-103
were assigned. The nonexchangeable proton resonances of
TAS-103 in the TAS-103/DNA complex were identified by
TOCSY and NOESY spectra (Table 5).
The chemical shift differences between the free and the
complex forms are shown in Fig. 9. The proton resonances
of the DNA except G12–H2V underwent upfield shifts and
the proton resonances of TAS-103 except H2 underwent
downfield shifts.
4. Discussion
4.1. Self-association of TAS-103
The chemical shifts of all proton resonances of TAS-103 in
D2O underwent upfield shifts depending upon the increase of
concentration. The upfield shifts of aromatic protons are
explained by intermolecular stacking interaction of the aro-
matic chromophores as observed in a wide variety of mole-
cules containing delocalized k-ring system such as purine
derivatives, acridines, and actinomycin [25–27]. It is inter-
esting that the self-stacking of TAS-103 was pH dependent as
well as concentration dependent. The association constant at
pH 7.5 was 8.87	 103 M  1 and it was about 90 times
greater than that at pH 1.5 of 0.10	 103 M  1.
A model of self-associated TAS-103 was prepared
based on the intermolecular distance constraints obtained
by the NOESY spectrum and subjected to molecular
dynamics calculations. One hundred conformers of the
dimer were generated. Ten structures having lower poten-
tial energy were selected and the resulting RMSDs of
these structures were within 2.0 A˚. The aromatic chro-
mophores of TAS-103 were stacked with each other as
shown in the 10 superimposed structures (Fig. 4). The
amino side chains were located in the opposite side. This
conformation would be reasonable in aqueous solution
since the hydrophobic chromophores interact through k–
k stacking and hydrophobic interactions. The positive-
charged hydrophilic side chains located outside of the
Table 4
Proton chemical shifts (ppm) of free DNA, d(CGCGAATTCGCG)2
a
Residue H1/3 H2 H4(1)b/
4(2)c
H8/
H6
H5/
Me
H1V H2V/2W H3V H4V
C1 7.65 5.92 5.76 1.98/2.42 4.72 4.08
G2 13.10 7.96 5.89 2.66/2.72 4.98 4.35
C3 6.47/8.41 7.28 5.38 5.57 1.86/2.28 4.81 4.14
G4 12.70 7.87 5.46 2.67/2.77 5.01 4.33
A5 7.21 8.12 6.00 2.71/2.96 5.07 4.48
A6 7.63 8.13 6.17 2.58/2.96 5.03 4.48
T7 13.70 7.15 1.28 5.93 2.03/2.60 4.85 4.23
T8 13.84 7.39 1.54 6.12 2.19/2.57 4.92 4.23
C9 6.85/8.43 7.47 5.63 5.70 2.08/2.44 4.90 4.17
G10 12.92 7.92 5.85 2.67/2.69 5.00 4.38
C11 6.64/8.49 7.35 5.45 5.75 1.91/2.34 4.82 4.16
G12 7.96 6.17 2.63/2.38 4.69 4.19
a Nonexchangeable and exchangeable hydrogen resonances were
assigned from data recorded at 20 jC. The spectra were collected in buffer
(50 mM NaCl, 10 mM sodium phosphate, pH 7.5). Chemical shifts were
relative to the methyl singlet of TSP at 0 ppm.
b The non-hydrogen-bonded amino proton.
c The hydrogen-bonded amino proton.
Table 5
Proton chemical shifts (ppm) of the 1:1 TAS-103/d(CGCGAATTCGCG)2
complexa
Residue H1/3 H2 H4(1)b/
4(2)c
H8/
H6
H5/
Me
H1V H2V/2W H3V H4V
C1 7.60 5.83 5.69 1.95/2.38 4.70 4.07
G2 13.00 7.93 5.84 2.64/2.66 4.96 4.33
C3 6.42/8.35 7.26 5.35 5.56 1.84/2.25 4.74 4.12
G4 12.67 7.85 5.43 2.65/2.74 4.95 4.30
A5 7.19 8.11 5.98 2.69/2.94 5.04 4.45
A6 7.59 8.12 6.15 2.57/2.93 5.02 4.46
T7 13.68 7.14 1.26 5.91 2.01/2.58 – 4.20
T8 13.82 7.37 1.52 6.10 2.17/2.55 4.90 –
C9 6.81/8.40 7.46 5.60 5.69 2.05/2.41 – 4.16
G10 12.87 7.90 5.82 2.64/2.67 5.00 4.36
C11 6.55/8.40 7.30 5.38 5.71 1.86/2.29 4.79 4.12
G12 7.90 6.06 2.63/2.38 4.67 4.17
a Nonexchangeable and exchangeable hydrogen resonances were
assigned from data recorded at 20 jC. The spectra were collected in buffer
(50 mM NaCl, 10 mM sodium phosphate, pH 7.7). Chemical shifts were
relative to the methyl singlet of TSP at 0 ppm.
b The non-hydrogen-bonded amino proton.
c The hydrogen-bonded amino proton.
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dimer and face to water that stabilizes by hydrogen
bonding and solvation effects. Less association constant
at lower pH could be explained by the repulsion of the
positive charges on the ring nitrogen against a hydrophilic
aromatic chromophore.
4.2. DNA-binding of TAS-103
The melting temperatures of CT-DNA, poly[d(A-T)2],
and d(CGCGAATTCGCG)2 were increased by approxi-
mately 6.0, 12.5, and 3 jC, respectively, when TAS-103
bound to DNA. Increase of the melting temperature (DTm)
of a typical intercalator EtBr was 6.0 jC for CT-DNA,
10.0 jC for poly[d(A-T)2], and 4.0 jC for d(CGCGAATT
CGCG)2, respectively. These results indicate that the rel-
ative binding strength of TAS-103 for the double-stranded
form of DNA is equal to that of EtBr.
Titration of TAS-103 with DNA was monitored by UV–
Visible spectra to determine the binding constant. When
TAS-103 was titrated with d(CGCGAATTCGCG)2, hypo-
chromic and hypsochromic effects were observed without
any isosbestic point (Fig. 5). A similar change of spectra
was also exhibited on titrations with poly[d(A-T)2], pol-
y[d(G-C)2], and CT-DNA, respectively. On the other hand,
titration of a typical intercalator such as EtBr or actinomycin
D with DNA caused a bathochromic effect with isosbestic
point. These results suggest that TAS-103 bound to DNA by
multiple modes and not intercalation. The Scatchard plots of
TAS-103 with oligonucleotide showed an intrinsic binding
constant and number of nucleotide bases occluded by one
bound TAS-103 (Fig. 6 and Table 2). TAS-103 bound to
Poly[d(A-T)2], poly[d(G-C)2], and CT-DNAwith high affin-
ities, K = 4.6	 105, 5.5	 105, and 4.8	 105 M  1, respec-
tively. However, d(CGCGAATTCGCG)2 exhibited about
half binding constant of 2.2	 105 M  1.
Next, we analyzed the 31P-NMR spectroscopy of the
complex of TAS-103 with the double-stranded form of
DNA. The 31P-NMR spectrum of d(CGCGAATTCGCG)2
showed six sharp resonance signals at  3.0 to  2.4 ppm
(Fig. 7a), indicating a single conformer. When TAS-103 was
added to the DNA solution, two broadening signals in the
Fig. 4. Ten superimposed structures of the TAS-103 dimer.
Fig. 5. UV–Visible spectra of TAS-103 titrated by d(CGCGAATTCGCG)2
at 18 jC. The concentration of the compound is 4.0 AM. The ratios of
nucleotide bases per compound of spectra are 0, 1, 2, 3, 5, 7, 9, 11, 13, 15,
17, 19, 21, 23, and 25 from top to bottom respectively.
Fig. 6. Scatchard plots for titrations of TAS-103 with poly[d(A-T)2] (open
circles), poly[d(G-C)2] (solid circles), d(CGCGAATTCGCG)2 (open
triangles) and calf thymus DNA(CTDNA) (solid triangles) at 18 jC. The
points are experimental binding data in the fraction bound range between
0.2 and 0.9. The solid lines are the nonlinear least-squares best fits to the
McGhee and von Hippel model.
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region between  3.3 and  1.0 ppm appeared (Fig. 7b)
(main signal at  2.5 ppm and minor signal at  1.7 ppm).
On the other hand, upon addition of EtBr to the DNA
solution, one new broadening signal at  1.9 ppm was
observed (Fig. 7c). These downfield shifts of the 31P
resonances of DNA backbone have been reported in pre-
vious studies on DNA–intercalator complexes [28,29].
From these results, the new minor downfield-shifted signal
at  1.7 ppm observed in TAS-103 would be attributed to
intercalation. However, the another main signal at  2.5
ppm could not be explained by intercalation.
The imino proton resonances of DNA are good probes
for identifying binding mode of a DNA-binding com-
pound. It is able to distinguish three modes of drug
binding based on the spectral changes [30]. Intercalators
show upfield shifts of both the AT and GC resonances,
often accompanied by some broadening of the resonance.
Minor groove binders show downfield shifts of the AT
resonances. Little or no spectral changes in the imino
proton resonances occur in outside binders that are
caused by electrostatic interactions between the phosphate
backbone of DNA and positive charge of the compound
with an unspecified manner. Therefore, change of imino
proton resonances of DNA titrated by TAS-103 was
analyzed by 1H-NMR spectroscopy in order to identify
the two binding modes of TAS-103 to DNA assumed by
31P-NMR spectroscopy. When d(CGCGA-ATTCGCG)2
was titrated with TAS-103, all imino proton resonances
were gradually broadening and the chemical shift changes
were small, as shown in Fig. 8. However, minor upfield-
shifted signals were detected in the region from 11.6 to
12.3 ppm and from 13.0 to 13.4 ppm. These data indicate
that TAS-103 has mainly two binding modes as observed
in the study of 31P-NMR spectroscopy. Minor binding
mode was confirmed to be an intercalation, which was
assumed by 31P-NMR spectrum, and major binding mode
would be an outside binding. Similar binding models have
been proposed in intoplicine derivatives by surface-
enhanced Raman scattering (SERS) and CD spectroscopy
[31]. They concluded that the poisoning ability of dual
Topo I and Topo II of intoplicine would due to its ability
simultaneously to form two types of DNA complexes: a
‘deep intercalation mode’ responsible for Topo I-mediated
cleavages and an ‘outside binding mode’ responsible for
Topo II-mediated cleavage.
Finally, 2D-NMR experiments were executed using the
1:1 TAS-103/d(CGCGAATTCGCG)2 complex. The chem-
ical shift differences of the central residues (G4–C9) of the
DNAwere very small ( < 0.04 ppm), as shown in Fig. 9, but
those of the terminal region were relatively large. These
Fig. 7. 31P-NMR spectra of (a) d(CGCGAATTCGCG)2, (b) the 6:1 TAS-
103/d(CGCGAATTCGCG)2 complex, and (c) the 6:1 EtBr/d(CGCGAAT
TCGCG)2 complex in H2O buffer at 20 jC, pH 7.0.
Fig. 8. Imino region of 1H-NMR spectra of (a) d(CGCGAATTCGCG)2, (b)
1:1, (c) 2:1, (d) 3:1, (e) 4:1 TAS-103/d(CGCGAATTCGCG)2 complex in
H2O buffer at 20 jC, pH 7.6.
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small chemical shift changes indicated that conformational
change of the DNA was small and the binding mode of
TAS-103 was an outside binding. Upfield-shifted protons
( > 0.05 ppm) were located in the DNA major groove where
C1–H5, G2–NH, C3–NH2(1,2), C11–H5, C11–NH2(1,2),
and G12–H8 are located. TAS-103 would interact with the
terminal region of DNA by outside binding from the major
groove followed by with the central region on concentration
dependent manner of TAS-103.
In conclusion, TAS-103 was self-associated in aqueous
solution through k–k stacking and hydrophobic interactions.
TAS-103 showed a strong binding affinity for DNA and it
interacts with DNA by mainly two binding modes. Major
binding mode is an outside binding from major-groove and
minor bindingmode is an intercalation. Interactingwith DNA
would cause simultaneous destabilization of the self-associ-
ation property of TAS-103. The schematic representation of
the self-association and DNA-binding of TAS-103 is shown
in Fig. 10. We recently have found that the mode of DNA
binding of TAS-103 was greatly dependent upon the pH. Its
detail analyses are ongoing.
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Fig. 9. Chemical shift differences of DNA and TAS-103 proton resonances between the free and complex form. The values indicate the chemical shift
difference (ppm) obtained from (chemical shift of free form) (chemical shift of complex form). The positive and the negative values indicate the upfield and
the downfield shift of resonance, respectively.
Fig. 10. Schematic representation of the self-association and DNA-binding
of TAS-103.
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